Abstract⎯Two fish species reared in aquaculture (pink salmon Oncorhynchus gorbuscha and whitefish Coregonus lavaretus) and ten fish species from natural habitats (whitefish C. lavaretus, tugun Coregonus tugun, broad whitefish Coregonus nasus, least cisco Coregonus sardinella, vendace Coregonus albula, boganid charr Salvelinus boganidae, charr Salvelinus alpinus complex, northern pike Esox lucius, sharp-snouted lenok Brachymystax lenok, and taimen Hucho taimen) have been studied. The content of two long-chain polyunsaturated omega-3 fatty acids (PUFAs), eicosapentaenoic acid (20:5n-3, EPA) and docosahexaenoic acid (22:6n-3, DHA), in the muscle tissue of the fish and in their food (intestine contents) are compared. In the aquacultures of whitefish and pink salmon, the total content of EPA and DHA is significantly higher in feed than in the muscle tissue of the fish, which indicates losses of PUFA in the two-link food chain of the aquaculture during their transfer to the upper trophic level. EPA and DHA losses in aquaculture, which are confirmed by numerous literature data, mean an inefficient usage of the available sources of PUFAs and the aggravation of the global deficit of these biochemicals in the human diet. A study of natural fish populations reveals the accumulation of EPA and DHA in their biomass compared to food in many cases, although opposite phenomena are also observed. An assumption on the presence of an optimal, physiologically adequate species-specific level of PUFA in the fish muscle tissue has been made based on our data and literature data. If the level of PUFAs in the muscles is lower than optimal, their accumulation (bioaccumulation) from food and/or de novo synthesis are observed. When the optimal level is exceeded, the content of EPA and DHA in biomass approaches maximum species-specific values; however, part of these PUFAs entering from food is not digested or is catabolized. According to the obtained data, the species of the order Salmoniformes have an optimal level of 2 to 6 mg/g of wet weight. It has been found that in aquaculture approaching to maximum values of EPA + DHA content was accompanied by their losses (scattering) in the food chains, while in natural ecosystems the maximum values of PUFA content in the fish biomass are achieved by their accumulation from the lower trophic level. Boganid charr S. boganidae had the highest content of EPA + DHA in the muscle tissue among all known fish species (32.78 mg/g of wet weight).
eases, and psychic disorders (Hibbeln et al., 2006; McNamara and Carlson, 2006; Adkins and Kelley, 2010; De Caterina, 2011) .
Humans and other animals can synthesize some amount of EPA and DHA from essential alpha-linolenic acid (18:3n-3, ALA), which is produced only from plant food. However, the synthesis of EPA and DHA in the body of most animals and the human body is inefficient and can satisfy only approximately 5% of the physiological needs of the body (Goulden and Place, 1990; Davis and Kris-Etherton, 2003; Wall et al., 2010; Tocher et al., 2015) . Therefore, humans receive the bulk of EPA and DHA together with food. To prevent cardiovascular diseases and nervous and psychic disorders, the World Health Organization and many national health organizations recommend a daily personal consumption of EPA + DHA of 0.5 to 1 g (Harris et al., 2009; Kris-Etherton et al., 2009; Adkins and Kelley, 2010; Nagasaka et al., 2014) .
What are the main food sources of EPA and DHA for humans? Higher terrestrial plants synthesize only ALA and cannot synthesize EPA and DHA (Sayanova and Napier, 2004; Ward and Singh, 2005; Ruiz-Lopez et al., 2012) . Among all biosphere organisms, considerable EPA and DHA amounts can be effectively synthesized only by some algae (diatoms, pyridines, and cryptophytes), from which PUFAs are transferred through the food chains to organisms of higher trophic levels, namely, invertebrates and fish, which are the main source of these biochemicals for humans (Robert, 2006; Adkins and Kelley, 2010; Gladyshev et al., 2009 Gladyshev et al., , 2013 Gladyshev et al., , 2015b . It is important to note that the trophic transfer efficiency of PUFAs can be higher than that of other organic carbon compounds in the food chain (Gladyshev et al., 2011) ; therefore, EPA and, in particular, DHA can accumulate in the upper links of trophic chains and their content can be higher in fish biomass than in the biomass of food consumed by fish (Rossi et al., 2006; Kainz et al., 2006; Sushchik et al., 2006 Sushchik et al., , 2017 Hixson et al., 2015 , Strandberg et al., 2015 . At the same time, there are also data on a higher total content of EPA and DHA in food than in the fish biomass, which means PUFA losses in the food chain (Sushchik et al., 2006; Kainz et al., 2017) . Along with accumulation (selective bioaccumulation) from food, EPA and DHA can also be synthesized by fish themselves from ALA, although this synthesis and the related genes of fish (especially marine fish) are usually inhibited by a high content of PUFAs in food (Tocher, 2003) . Therefore, further studies are required for explaining the contradictions in the data on the accumulation or scattering of EPA and DHA in the upper links of the trophic chains of aquatic ecosystems.
The data on the efficiency of EPA and DHA transfer through the food chains of aquatic ecosystems, namely, from algae and invertebrates to fish, are essential in terms of supplying the humans with these essential nutritional components. The fact is that humans are currently experiencing a severe shortage of EPA and DHA in their diet (Gladyshev et al., 2009 (Gladyshev et al., , 2013 Tocher, 2015) . It seems impossible to increase PUFA production by increasing world fish catches, which have reached maximum levels (Gladyshev et al., 2013; Tocher, 2015) . Obviously, the efficiency of the use of EPA and DHA, being produced, should be increased.
PUFAs that containing in wild fish catches are directly consumed by humans in the form of the edible part (generally the muscle tissue (filet)) and fish oil or used as feed for aquaculture. Like in the trophic chains of natural ecosystems, if the content of EPA and DHA increases in the biomass reared in aquaculture compared to their content in food, this indicates an increase in the efficiency of the use of PUFAs being yielded. The inverse process leads to losses of EPA and DHA in aquaculture and the aggravation of their global deficit in human diet.
Therefore, the objective of our study was to compare the content of EPA and DHA in feed and the edible biomass (muscle tissue) of fish from aquaculture and natural populations. We tested the hypothesis on PUFA accumulation in the upper link of food chains, i.e., the widespread assumption that the content of PUFAs is always higher in fish biomass than in food.
MATERIALS AND METHODS
Wild fish of commercial age (size) were caught in Arctic latitudes, namely, in the Keret River (the White Sea basin, 66°16′ N and 33°33′ E), the lower reaches of the Yenisei River (69°28′ N and 86°01′ E), and Lake Sobachye (Norilo-Pyasina water system, 69°01′ N and 91°05′ E). We also studied two lakes and a river in the temperate zone: lakes Bolshoe Krasnoe (65°05′ N and 35°38′ E, Solovetsky Archipelago) and Onega (61°51′ N and 34°35′ E) and the Ayakhta River (63°20′ N and 89°41′ E, the fourth-order tributary of the Yenisei River). These rivers and lakes are oligotrophic and have a summer water temperature under 15°C, except for mesotrophic Lake Onega (Gritsevskaya et al., 1972; Gladyshev et al., 1993 Gladyshev et al., , 2015a Leonov et al., 2006; Beloe more…, 2007; Pichugin, 2009; Onezhskoe ozero…, 2010) .
The following species were sampled for analysis: whitefish Coregonus lavaretus (Linnaeus, 1758) (Pallas, 1773) . Along with wild fish, we studied aquaculturereared fish: whitefish C. lavaretus (Keret River population from the freshwater fish farm in the Republic of Karelia) and Oncorhynchus gorbuscha Walbaum (aquaculture in the Chupa Bay of the White Sea, 66°16′ N and 33°03′ E).
For the further analysis of fatty acids (FAs), we cut muscle tissue samples with a weight of 0.7 to 2 g under the dorsal fin. The samples were placed into a chloroform-methanol mixture (the volume ratio of 2 : 1) and then kept at −20°C up to further treatment at the laboratory (where they were transported in heat-insulated containers with a coolant) for no more than 1-2 weeks, followed by their analysis for 2 months. Samples of the intestinal contents of wild fish and food from aquaculture were conserved in the same way as the muscle tissue samples. Part of the intestinal contents was sampled for further microscopic analysis and conserved in ethanol solution.
Lipid fractions were extracted and isolated from the fish muscles and food bolus using a chloroformmethanol mixture at a ratio of 2 : 1, as was previously described (Gladyshev et al., 2014) . The lipids were then dissolved in 1 mL of hexane and supplemented with 0.2 mL of 3 M sodium methylate solution in methanol. The mixture was intensively mixed in a closed tube for 1 min and then methylated for 5 more minutes at room temperature. The obtained methyl ethers of fatty acids (FAMEs) were extracted from mixture with 2.5 mL hexane and washed once with 5 mL of saturated NaCl solution and two times with 5 mL of distilled water. The hexane extract containing FAMEs was dried by passing it through the layer of anhydrous Na 2 SO 4 ; hexane was evaporated on a rotary vacuum evaporator. FAMEs were resuspended in 0.1 to 0.3 mL hexane prior to chromatographic analysis.
FAMEs were analyzed by a gas-liquid chromatograph equipped with a mass spectrometric detector (model 6890/5975C, Agilent Technologies, United States). The conditions of the analysis were as follows (Gladyshev et al., 2014) : helium was used as a carrier gas, split injection, and an HP-FFAP capillary column with a length of 30 m and an internal diameter of 0.25 mm was used. The following temperature regime was used: the heater temperature was programmed from 100 to 190°C with a rate of 3°C/min for 5 min isothermally and then to 230°C with a rate of 10°C/min for 20 min isothermally; the temperature of injection and interface was 250 and 280°C, respectively; the ionization energy of the detector was 70 eV; and scanning was performed in the range of 45-450 atomic units. The peaks of fatty acids were identified by the mass spectra obtained in comparison with those available in the NIST-2005 Database (Agilent Technologies), as well as by a comparison of the retention times with those of the standards (Supelco, United States). The quantitative content of fatty acids in the samples was determined according to the value of the internal standard nonadecanoic acid (19 : 0) (Sigma-Aldrich, United States), a fixed amount of which was added to the samples before extracting lipids.
The data were statistically processed using standard statistical methods: the normality of distribution was tested according to Kolmogorov-Smirnov test, D K-S , and the significance of differences was tested according to Student's t-test. The calculations were performed using licensed Statistica software, version 9 (Stat Soft, United States).
RESULTS
The level of the sum of EPA and DHA (% of the total FA sum) was 1 order of magnitude lower in the food of aquaculture whitefish than in its muscle tissue ( Table 1 ). The level of EPA + DHA was significantly lower in the muscles of wild whitefish from the Keret River than in the muscles of aquaculture whitefish ( Table 1 ). The content of EPA + DHA (mg/g of dry weight) was significantly higher in food than in the muscle of aquaculture whitefish (Table 1 ). The content of the sum of EPA and DHA was significantly higher in the muscles of wild whitefish than in the muscles of aquaculture whitefish (Table 1 ). The content of FA sum was almost 200 times higher in food than in the muscle tissue of aquaculture whitefish (Table 1 ). The content of FAs was significantly higher Table 1 . Average values of content of sum of eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids in feed and muscle tissue of whitefish Coregonus lavaretus in aquaculture and in river ± standard error. EPA + DHA, %, share of sum of all fatty acids. EPA + DHA, mg/g, content per unit of dry weight. ΣFA, content of total sum of fatty acids.
Feed, values in feed (the number of samples n = 6). Aquaculture, values in aquaculture (n = 7). River, values in Keret River (n = 14). in the muscles of wild whitefish than in the muscles of aquaculture whitefish (Table 1 ).
The content of the sum of EPA and DHA (mg/g of wet weight) was almost 2 times higher in the food (minced three-spined stickleback) of aquaculture pink salmon than in its muscle tissue (Table 2) . Unlike aquaculture, the content of EPA + DHA was significantly lower in the gut content of wild fish, such as broad whitefish from the Yenisei River (benthivore), tugun from Lake Sobachye (plankton and benthos feeder), whitefish from Lake Sobachye (benthivore), boganid charr (benthivore-piscivore), goggle-eyed charr (piscivore-benthivore), pike (piscivore), and vendace (planktivore), than in the muscle tissue (Table 2) . A trend towards a higher content of EPA + DHA in the muscle tissue than in the gut content was characteristic of whitefish from the Yenisei River (benthivore), tugun from the Yenisei River (benthivoreplanktivore), broad whitefish from Lake Sobachye (benthivore), and sharp-snouted lenok from the Ayakhta River (piscivore), although it was statistically insignificant ( Table 2 ). In contrast, whitefish from Lake Onega, least cisco from Lake Sobachye (planktivore), an unidentified whitefish form from Lake Sobachye (along with zooplankton and zoobenthos, it also consumed the imago of flying insects that fell into the water), and taimen from the Ayakhta River (piscivore) had a higher content of EPA and DHA in food, although the differences were statistically insignificant (Table 2) . DISCUSSION Both aquaculture fish species, whitefish and pink salmon, had a significantly lower content of the sum of EPA and DHA in the muscles than in feed consumed by them. This means losses (scattering) of essential PUFAs in the two-link food chain of aquaculture during their transfer to the upper trophic level. The generalization of the available literature data reveals that the same phenomenon was observed in the aquacultures of other fish species, namely, Atlantic salmon, cod, and rainbow trout, in most cases: a decrease in the content of EPA + DHA in the muscle tissue compared to their content in food (Table 3) . Therefore, according to our data and literature data, EPA and DHA losses in aquaculture should be considered a widespread phenomenon.
At the same time, according to numerous data, accumulation, rather than losses, of EPA and DHA is observed in the upper links of the trophic chains of natural aquatic ecosystems when compared to the lower links (Rossi et al., 2006; Kainz et al., 2006 Kainz et al., , 2008 Gladyshev et al., 2011; Hartwich et al., 2013; Hixson et al., 2015; Strandberg et al., 2015) . Indeed, unlike aquaculture, a higher content of EPA + DHA in the muscle tissue than in feed (intestine contents) was revealed in most of the fish species from the natural habitats covered by this research. However, PUFA accumulation was not observed in two cases, namely, in least cisco and the unidentified whitefish form from Lake Sobachye. A decrease in the content of the sum of EPA and DHA in the muscle tissue compared to feed was previously recorded for grayling from the Yenisei River (Sushchik et al., 2006, Table 3 ). The absence of PUFA bioaccumulation in some upper links of the trophic chains of aquatic systems was also recorded by other authors (Kainz et al., , 2008 .
What factors may determine an increased or decreased content of PUFAs in the fish muscle tissue compared to their content in food? It was mentioned above that, on the whole, EPA plays the role of a biochemical precursor of endohormones (eicosanoids) for the body, which regulate the functioning of the cardiovascular system and provide immune and other responses, while DHA is an indispensable component of nerve cell membranes. However, in the membranes of muscle tissue cells, EPA and DHA may also play other functions. According to some authors, PUFAs (especially DHA) are peculiar pacemakers that set the pace of metabolism in animal cells, including muscle tissue cells (Hulbert et al., 2002; Turner et al., 2003; Hulbert, 2007) . PUFAs are characterized by comparatively low potential barriers of rotation around single carbon-carbon bonds on each side of double bonds; therefore, their carbon chains rotate rapidly, thereby generating a very high lateral pressure on neighboring cells in cell membranes (Hulbert, 2007) . As is known, the higher the lateral pressure in membranes is, the higher the activity of membrane-bound enzymes is (Hulbert, 2007) . For instance, it has been established that an increased content of DHA in membrane phospholipids provides a higher activity of one of the crucial enzymes, the sodium pump (Na + , K + -ATPases), which plays the key role in creating the action potential in muscle cells and fibers (Turner et al., 2003 (Turner et al., , 2005 Hulbert, 2007) . In addition, DHA is believed to increase the activity of the membrane-bound enzymes of the mitochondrial electron transport chain (ETCh), thereby providing a high rate of cell respiration in high-frequency contraction muscles (Infante et al., 2001) . It is known that migratory birds store EPA and DHA to provide a high activity of membranebound enzymes that are responsible for the transport of lipids from the adipose tissue to the muscle tissue mitochondria that produce energy on the basis of lipid beta-oxidation (Weber, 2011) . Similar mechanisms may also be characteristic of fish muscle tissues.
Although EPA and DHA are, undoubtedly, important for the functioning of the muscle tissue, it is clear that their level in the lipids of cell membranes cannot be 100% of all FAs and that there are minimum, optimum, and maximum values of the PUFA content in muscles. Presumably, it is these conditions that explain the contradictions in the EPA and DHA ratios in the muscles of fish and their food that were revealed in our study and are described in the literature. Indeed, if there is an optimal level of EPA and DHA content, it is reasonable to assume that the assimilation of food with insufficient PUFAs will lead to the selective accumulation (retention) of EPA and DHA in the relevant organs and tissues, including EPA synthesis from alpha-linolenic acid (18:3n-3), followed by DHA synthesis from EPA (Leaver et al., 2011; Gladyshev et al., 2012; Tocher, 2015) . Cases of selective PUFA accumulation in biomass are also described for other animals. For instance, it is known that zooplankton selectively accumulates dietary longchain essential PUFAs in its biomass and simultaneously consumes (catabolizes) short-chain C-16 PUFAs, which are not used in membrane phospholipids (Gladyshev et al., 2011) . Similarly to zooplankton, the fetus in a human body selectively absorbs DHA from the maternal blood through the placenta (Lauritzen et al., 2001; Broadhurst et al., 2002) . The human brain also selectively absorbs DHA from blood and accumulates and stores this acid in its cells (Bazan, 2009 ). In addition, approximately 60% of short-chain ALA that enters the human body together with food is catabolized for several hours on the basis of beta-oxidation, while beta-oxidation involves only 5% of DHA and the remaining part is integrated into cell membranes (Plourde and Cunnane, 2007) .
Presumably, fish also accumulate PUFAs for achieving the optimal concentration of these acids in their tissues or consuming (catabolizing) their excess, thereby compensating (smoothing) the fluctuations of the content of EPA and DHA in food. This assumption can be confirmed by the data on a low seasonal variability in the content of EPA + DHA in the muscles of grayling from the Yenisei River when compared to sharp changes in their content in food (Sushchik et al., 2006) .
It is likely that the values of the optimum and maximum content of EPA and DHA in the fish muscle tissue are determined by genetic factors and are speciesspecific (taxon-specific) (Leaver et al., 2011) . Apparently, the determination of the numerical values of these thresholds can be of great theoretical and applied significance, which will be shown below. At the present time, our data and literature data that are given in this study and generally cover species of the order Salmoniformes allow us to presuppose that the assumed optimal level of the content of the sum of EPA and DHA in the muscles of the fish of this order is approximately in the interval from 2 to 6 mg/g of wet weight (Tables 1-3 ). However, under particular (favorable?) conditions, the essence of which has yet to be revealed, the indicated species can accumulate maximum levels of EPA and DHA; according to the available data, their amount can reach approximately 8 mg/g of wet weight in Atlantic salmon, over 18 mg/g in rainbow trout (Table 3) , almost 17 mg/g in whitefish (Tables 1 and 2) , and over 32 mg/g in boganid charr (Table 2) . It is important to note that the value of EPA + DHA content in the muscle tissue of boganid charr from Lake Sobachye that was revealed in this study (32.78 mg/g of wet weight) significantly exceeds all known literature values for wild fish, including not only freshwater fish but also marine fish, which are considered the richest in PUFAs (Garg et al., 2006; Rubio-Rodriguez et al., 2010; Guler et al., 2011) . Previously, the value of 25.6 mg/g in the biomass of sardine Sardinops sagax was considered maximal (Huynh and Kitts, 2009 ).
It is evident that the content of EPA and DHA in biomass is determined by two parameters: the percentage of these PUFAs of the total amount of FAs (%) and the content of total FAs (lipids) per unit of tissue wet weight (mg/g), or, in other words, by the FA composition and fatness of fish. There are currently data on the negative correlation between the content of total lipids in fish biomass and the levels of PUFAs in the amount of total FAs (Mairesse et al., 2006; Litzow et al., 2006; Leaver et al., 2011) . The same trend was observed in our study: the levels of EPA and DHA (% of total FAs) was significantly higher for aquaculture whitefish than for wild whitefish from the Keret River, while the content of total FAs (mg/g) in the biomass of aquaculture whitefish was significantly lower (Table 1) . It should be noted that the content of FAs in biomass is very closely related to the content of total lipids (Ahlgren et al., 1996) ; i.e., it reflects the total fish fatness. The negative correlation between the levels of PUFAs and the content of lipids (total FAs) in the fish biomass is explained by the fact that EPA and DHA are generally contained in phospholipids (PLs), i.e., in the structural lipids of cell membranes, the proportions of which are most likely to be constant in the muscle tissue, as was mentioned above (Mairesse et al., 2006) . At the same time, the total fish fatness depends largely on the content of reserve neutral lipids, namely, triacylglycerols (TAGs); these lipids contain comparatively few PUFAs and their content in the muscles of different fish species varies in a wide range (Kiessling et al., 2001; Litzow et al., 2006; BeneditoPalos et al., 2013) . Some species of so-called fatty fish accumulate a large amount of TAGs that contain mainly saturated and monounsaturated FAs (Moths et al., 2013) . This results in a decrease in the levels of PUFAs in total FAs, since they are "diluted" by saturated and monounsaturated acids.
The content of EPA and DHA (mg/g) in the fish muscle tissue increases with an increase in the content of total lipids (Leaver et al., 2011; Kainz et al., 2017) . This trend is also observed in materials obtained in the course of our research. For instance, whitefish from Lake Keret had a higher content of total FAs and of EPA + DHA than whitefish from aquaculture, despite a lower percentage of these PUFAs of the total FAs (Table 1) . Therefore, the content of EPA + DHA (mg/g) is generally determined by total lipid content and is relatively low-dependent on the percentage of EPA + DHA. On the whole, the mechanisms of PUFA accumulation in the biomass of wild and reared fish have yet to be clarified. Therefore, the probable optimal level of PUFA content in the muscle tissue that satisfies relatively moderate needs of fish, e.g., salmonids, in these biochemicals (Tocher, 2015) leads to the unassimilation of the surplus of EPA and DHA from food (Gladyshev et al., 2012) or their "burning" on the basis of betaoxidation for generating energy. This can be important for the development of aquaculture. As was mentioned above, humans experience a severe shortage of EPA and DHA in diet due to the limitation of world fish catches (Gladyshev et al., 2009 (Gladyshev et al., , 2013 Tocher, 2015) . Fish breeding in aquaculture currently does not make it possible to overcome this deficit, since aquaculture is based on feeds obtained from catches Gladyshev et al., 2013) . That is, one can observe a decrease rather than increase in the amount of PUFAs in aquaculture, which are eventually consumed by humans . Indeed, according to our data and literature data, the content of PUFAs is significantly higher in feed used in aquaculture than in reared fish in most cases. That is, when fish oil from wild fish catches is used as the main food component in the aquaculture of fish, e.g., salmonids, approximately 5 g of PUFAs from food is consumed for producing 1 g of PUFAs in biomass . Apparently, this only aggravates the shortage of PUFAs in the human diet.
How can humans overcome the shortage of PUFAs under the conditions of world catch limitation? First, an obvious solution is the direct human consumption of the entire fish oil from biomass being caught . At the present time, humans directly consume only 22% of fish oil yieded from catches, while 75% is used in aquaculture (generally for salmon rearing) (Tocher, 2015) , which leads to the significant PUFA losses described above. Fish oil for the human diet, in which the target components are EPA and DHA, is most often provided to consumers in the form of capsules serving as dietary supplements (e.g., Kolanowski, 2010) . However, although many capsules of competent and conscientious manufacturers really contain a large amount of EPA + DHA (up to 650 mg per capsule), their contents are susceptible to oxidation (Kolanowski, 2010; Albert et al., 2015) . It should be noted that over two-thirds of capsules contain a significantly lower amount of EPA + DHA than that declared in the label (Albert et al., 2015) . In addition, the consumption of EPA and DHA by humans in the form of fish oil yields a worse result when compared with fish consumption. Thus, the daily consumption of 3.0 g of EPA + DHA in the form of fish oil and 1.2 g in the form of salmon fillet led to an equal increase in the content of these PUFAs in the blood plasma of patients (Elvevoll et al., 2006) . The mechanism of a more effective incorporation of EPA and DHA from fish fillet into human blood plasma lipids when compared to a food additive in the form of fish oil is probably due to processes of lipid digestion and absorption in the digestive tract (Elvevoll et al., 2006) . That is, based on the above-presented data, it can be concluded that, even if the amount of PUFAs yielded from aquaculture in the fillet (muscle tissue) of fish decreases by 2 times compared to their amount introduced with feed (fish oil), the consumption of this fish by humans will still provide a higher concentration of EPA and DHA in blood plasma when compared to the direct consumption of fish oil. Therefore, the effectiveness of assimilation of dietary PUFAs by aquaculture fish and the effectiveness of PUFA assimilation by humans during the consumption of certain fish products require further quantitative studies to optimize the way these essential food components are produced.
The second possible way to increase PUFA production is based on the fact that, under the conditions of PUFA shortage in food, fish begin to selectively accumulate and/or synthesize these biochemicals (Leaver et al., 2011; Turchini et al., 2011; Sanden et al., 2011) , thereby reducing their content in biomass to the optimal, physiologically adequate level, which was also indirectly confirmed in our research. Therefore, it is proposed to partially replace food based on fish oil by vegetable feed rich in alpha-linolenic acid in aquaculture (e.g., Thanuthong et al., 2011; Teoh et al., 2011; Turchini et al., 2011; Tocher, 2015; Kousoulaki et al., 2016; Teoh and Ng, 2016) . Therefore, it is assumed that the synthesis of EPA and DHA from alpha-linolenic acid by fish, which is usually not observed in nature, i.e., when fish consume natural feed rich in these PUFAs (Tocher, 2003) , makes it possible to obtain an additional amount of these food components which are essential for humans from aquaculture . In other words, according to our assumptions, there should be some threshold value of the content of EPA and DHA in feed that inhibits the de novo synthesis of PUFAs for a certain fish species; aquaculture turns into the net sink of PUFAs above this threshold and into the net source of PUFAs for humans below this threshold.
However, the de novo synthesis of EPA and DHA by fish cannot maintain their level provided by valid food sources (Tocher, 2015) . That is, when the level of the vegetable component is too high in feed, the fish may lose its main nutritional value and the consumption of its daily portion will fail to provide humans with the necessary dose of EPA + DHA. For instance, the content of EPA + DHA in the muscles of tilapia Oreochromis sp. that received feed based on fish oil was 2.29 mg/g, while feed based on vegetable oils provided only 0.08 mg/g of these PUFAs (Teoh and Ng, 2016) . It is evident that the latter value of EPA and DHA content in fish cannot satisfy human dietary needs: a person will have to eat 12.5 kg of tilapia reared on the basis of vegetable feeds to obtain the daily dose of 1 g of EPA + DHA. When considering the capacity of a certain type of fish to satisfy human dietary needs in EPA and DHA, one should introduce the quantitative measure of this characteristic. The value of the average fish portion at US restaurants is 150 to 250 g (Hightower and Moore, 2003) , which is in good agreement with the average single portion of fish in dietetics and toxicology (200 g) (Ruffle et al., 1994) . However, the restaurant portion of fish can reach 1 kg (Young and Nestle, 1995) . If we assume the lower threshold of the recommended personal daily dose of EPA + DHA consumption to be 0.5 g, the fish with an average nutritional value (average portion of 200 g) should contain at least 2.5 mg/g of these PUFAs. With account for the maximum fish portion of 1 kg (Young and Nestle, 1995) , the lower threshold value of the EPA + DHA content in edible biomass should be no less than 0.5 mg/g. However, according to some data, the daily dose of 0.5 g may be insufficient; in this case, it should reach 1 g for the reliable prevention of heart diseases (Nagasaka et al., 2014) . That is, the values that characterize the average and lower threshold nutritional value should be increased by two times, i.e., to 5.0 mg/g and 1.0 mg/g of EPA + DHA, respectively.
On the whole, according to the available literature data, the 2-to 30-fold decrease in EPA + DHA in feed due to the replacement of fish oil by vegetable oil or by the fat of terrestrial agricultural animals leads to a twoto fourfold decrease in the content of EPA and DHA in the biomass of aquaculture fish (Torstensen et al., 2004; Hansen et al., 2008; Stone et al., 2011; Teoh et al., 2011; Thanuthong et al., 2011; Turchini et al., 2011; Codabaccus et al., 2012; Emery et al., 2016 ; Table 3 ). For instance, given the moderate use of vegetable oil instead of fish oil in feed, the aquaculture of salmonid fish can supply consumers with high-quality products in which the content of EPA and DHA, exceeding the values of the average nutritional threshold of 2.5-5.0 mg g -1 , can satisfy human daily needs (Henriques et al., 2014; Kousoulaki et al., 2016) .
It should be noted that consumers in many countries currently have a negative opinion on the quality of reared fish when compared to wild fish (Fasolato et al., 2010) . Indeed, judging by the EPA and DHA content determined by us, wild whitefish from the Keret River had a higher nutritional value than aquaculture whitefish (Table 1) . However, the literature provides diametrically opposed data on the PUFA content in wild and reared fish species. For instance, gilthead sea bream Sparus aurata caught near the coast of Tunis contained EPA and DHA in amount of 0.67 mg/g of wet weight in the muscle tissue, while in aquaculture this species contained 3.53 mg/g of EPA + DHA (Amira et al., 2010) . In aquaculture salmonids, the content of EPA + DHA in the muscle was 6 to 23 mg/g, while for wild salmons this value varied from 4.6 to 10.0 mg/g of wet weight (Henriques et al., 2014) . The extremely high content of the sum of EPA and DHA in aquaculture salmons (24.1 mg/g of wet weight in the fillet of Oncorhynchus tshawytscha) has also been reported by other authors (Larsen et al., 2010) .
The higher content of PUFAs in fish aquaculture than in the wild fish of the same species is probably caused by a higher fatness of farmed fish, which is provided by a high-energy diet and the absence of energy consumption for migrations and reproduction (Henriques et al., 2014) . Since, in our case, the fatness (content of total FAs) was lower in the biomass of aquaculture whitefish than in the biomass of wild whitefish from the Keret River, it can be assumed that the cultivating (feeding) conditions were not optimal. However, it is essential to note that the maximum values of the content of EPA + DHA in the reared biomass (7-19 mg/g of wet weight) in aquaculture were recorded only under the conditions of their higher content in food and their further inefficient transfer to fish, i.e., accompanied with losses (scattering) of PUFAs in the food chain (Table 3 ). In contrast, in natural ecosystems, the maximum values of EPA + DHA in the fish biomass (17-33 mg/g of wet weight) were observed under the conditions of their bioaccumulation, i.e., accumulation in the upper link of the food chain (Table 2) . Undoubtedly, the further interpretation of the ecological mechanisms that provide the maximum possible accumulation of PUFAs in the biomass of natural fish populations will be of great theoretical and applied importance.
CONCLUSIONS
In the studied aquacultures of whitefish and pink salmon, the content of the sum of EPA and DHA was significantly higher in feed than in the fish muscle tissue, which indicates losses of essential PUFAs in the two-link food chain of aquaculture during their transfer to the upper trophic level. EPA and DHA losses in aquaculture, which are confirmed by numerous literature data, mean an inefficient usage of available PUFA sources and the aggravation of the global deficit of these biochemicals in the human diet. The study of natural fish populations revealed the accumulation of EPA and DHA in their biomass compared to food in many cases, although opposite phenomena were also observed.
Based on our own and literature data, we made an assumption about the presence of an optimal, physiologically adequate species-specific level of PUFAs in the fish muscle tissue. Apparently, the lower level of PUFA content in tissues stimulates their accumulation (bioaccumulation) from feed and/or de-novo synthesis to achieve the optimal level. If the level of PUFAs is optimal in tissues, their further supply together with food can increase the content of PUFAs in the tissues to maximal species-specific values; however, in this case, part of PUFAs entering from food is not digested or is catabolized.
According to the data of our research, in the species of the order Salmoniformes, the optimal level is 2 to 6 mg/g of wet weight. It was established that aquaculture fish reach the maximum values of EPA + DHA content in their biomass accompanied by PUFA losses (scattering) in the food chain, while in natural ecosystems the maximum content of PUFAs in fish biomass is determined by their accumulation compared to the lower trophic level.
Boganid charr S. boganidae had the highest content of EPA + DHA in the muscle tissue among all known wild fish species (32.78 mg/g of wet weight).
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